The inactivation of HEp-2 cell-associated poliovirus (Sabin 1) and coxsackievirus A9 was investigated in three experimental systems, using ozone as a disinfectant. The cell-associated viral samples were adjusted to a turbidity of 5 nephelometric turbidity units. The cell-associated poliovirus and coxsackievirus samples demonstrated survival in a continuous-flow ozonation system at applied ozone dosages of 4.06 and 4.68 mg/liter, respectively, for 30 s. Unassociated viral controls were inactivated by the application of 0.081 mg of ozone per liter for 10 s. Ultrasonic treatment of cell-associated enteric viruses did not increase inactivation of the cell-associated viruses. The batch reactor with a declining ozone residual did not effect total inactivation of either cell-associated enteric virus. These cell-associated viruses were completely inactivated after exposure to ozone in a batch reactor using continuous ozonation. Inactivation of cell-associated poliovirus required a 2-min contact period with an applied ozone dosage of 6.82 mg/liter and a residual ozone concentration of 4.70 mg/liter, whereas the coxsackievirus was completely inactivated after a 5-min exposure to an applied ozone dosage of 4.81 mg/liter with an ozone residual of 2.18 mg/liter. These data indicate that viruses associated with cells or cell fragments are protected from inactivation by ozone concentrations that readily inactivate purified virus. The cell-associated viral samples used in this research contained particles that were 10 to 15 gi.m in size. Use of a filtration system before ozonation would remove these particles, thereby facilitating inactivation of any remaining viruses associated with cellular fragments.
The necessary reuse of large quantities of renovated wastewater for human consumption may pose a potential health hazard to large segments of the population. The documentation of numerous outbreaks of waterborne disease lends credence to this possibility (4, 5, 11) . Wastewater treatment processes alone are inadequate for the elimination of viral pathogens (15) . The transmission of viral disease by lowlevel contaminated water supplies must also be considered as a possible source of endemic disease. Therefore, it is necessary to rely on some method of terminal disinfection to combat this potential health hazard (1) .
It has been shown that viruses in the natural environment may be adsorbed to or embedded within solid materials (3, 12 The LLC-MK2 cell line was maintained as described for HEp-2 cells. However, the antibiotic levels incorporated in the growth and maintenance media were 100 U of penicillin sodium NF, 100 ,ug of streptomycin sulfate USP, and 5 ,ug of amphotericin B per ml.
Virus stock. Concentration and purification of unassociated poliovirus (Sabin type 1) and coxsackievirus A9 were conducted according to the procedures described by Guskey and Wolff (7), Boardman and Sproul (2), and Foster et al. (6) . Crude virus stocks of poliovirus and coxsackievirus which were used to infect HEp-2 cells to obtain cell-associated virus were prepared as described by Hoff (8) .
Titration of viruses. The method of Wolf and Quimby (17) , with minor modifications, was used for enumeration of poliovirus and coxsackievirus. If more than 10 plates were required, cell suspensions from several 32-oz (ca. 946-ml) prescription bottles were pooled to obtain a uniform cell suspension. A 5-ml portion of the pooled cell suspension was transferred to each tissue culture plate and incubated at 37°C in an atmosphere of 5% CO2 until confluent monolayers were obtained.
An overlay, consisting of 2 parts of melted 2% purified agar at 50°C, 3 parts of 2x minimal essential medium containing 4% newborn calf serum, penicillin (300 U/ml), streptomycin sulfate (300 ,g/ml), and amphotericin B (5 Rg/ml) at 37°C, was prepared by inverting the mixture several times. A 5-ml portion of the overlay was transferred to each plate containing the adsorbed virus. After the overlay had solidified, the plates were incubated for 84 to 96 h at 37°C in an atmosphere of 5% CO2 and 100%o humidity.
HEp-2 cell-associated virus. The procedures of Hoff (8) were used to obtain cell-associated viruses. The initial sample for exposure to ozone was prepared by suspending the pellet in 15 ml of buffer solution. Turbidity was determined with a Hellige turbidimeter (Hellige Inc., Garden City, N.Y.) and expressed in nephelometric turbidity units. The turbidity of the initial sample was adjusted to a level to give a final turbidity of either 1 or 5 NTU after dilution in the reactor. A portion of the initial sample was reserved to determine the titer of the cell-associated virus before ozonation.
Determination of ozone concentration. The ozone concentration was determined by the spectrophotometric method of Shechter (14) with some modifications. The preparation of a standard curve for measurement of ozone concentrations ranging from 0.01 to 0.03 mg/liter required the addition of equal portions of neutral potassium iodide to the triple-distilled water reference blank as well as to the standard ozone solution. This served to nullify adsorbance due to the presence of the potassium iodide. This addition was not necessary when measuring ozone levels greater than 0.03 mg/liter.
Disinfection of cell-associated viruses. Samples of cell-associated viruses were exposed to ozone in the sharp continuous-flow apparatus (13) , a batch reactor with a continually declining ozone residual, and a batch reactor with constant ozone residual. The Sharp continuous-flow apparatus as modified for this work is described by Foster et al. (6) .
The declining ozone residual experiments were carried out in a 500-ml Erlenmeyer flask fitted with a stopcock sampling post set in the bottom of the flask. The flask was filled with 500 ml of buffer solution which had been preozonated to the desired ozone value. The contents were mixed throughout the experiment with a magnetic mixer. Triplicate portions were taken for the initial ozone determination. The cell-associated viruses were added with a syringe to give the desired turbidity levels in the solution. Three milliliter samples for virus determination were taken at specified intervals and immediately mixed with 1 ml of 0.025 N sodium thiosulfate to destroy the ozone.
A 2,000-ml reagent bottle was used for the constant ozone concentration reactor. Ozone was added continuously during the experiment through a glass sparger placed near the bottom of the bottle. The solution was preozonated to obtain the desired initial ozone concentration before addition of the cell-associated viruses.
Sampling for ozone and virus determination was done as in the declining-rate reactor.
Ultrasonic treatment of viruses. A comparison of the ozone inactivation of HEp-2 cell-associated poliovirus was performed in the Sharp apparatus, using duplicate portions of a sample, one of which had been sonically treated. The However, the increase in ozone concentration resulted in an increase in the inactivation of the cell-associated poliovirus.
The protective effect of physical cohesion of cellular material was investigated by using replicate samples, one of which had been ultrasonically treated before ozonation in the Sharp apparatus. The ultrasonic treatment of the cellassociated virus complex before ozonation resulted in increased inactivation of poliovirus when 1 NTU was present (Table 2) . However, when 5 NTU was present, the ultrasonic treatment had little or no effect on the inactivation of poliovirus even though the ozone concentrations ranged from 3.75 to 4.06 mg/liter. Concurrent with these experiments, light microscopy displayed distinct differences in the physical state of the replicate samples. The sample which was not sonically treated showed distinct aggregates of cellular material, whereas there were no aggregates in the sonically treated cells.
Ozonated replicates demonstrated a complete absence of cellular aggregates after a 10-s exposure to 0.76 mg of ozone per liter. The absence of cellular material was demonstrated in both the control and the replicate previously subjected to ultrasonic treatment.
Inactivation of HEp-2 cell-associated coxsackievirus A9 in the Sharp apparatus. Table 3 shows the inactivation data for HEp-2 cell-associated coxsackievirus A9 at turbidity levels of 1 Inactivation of cell-associated poliovirus in a batch reactor. The results presented in Table 4 indicate a decline of the ozone residual in the batch reactor concurrent with survival of the HEp-2 cell-associated poliovirus. Total inactivation of the cell-associated virus was not obtained in this system with contact times as long as 75 min.
Inactivation of cell-associated virus with continuous ozonation. Continuous ozonation coupled with extended contact times in a batch reactor yielded complete inactivation of both HEp-2 Interpretation of these data is subject to qualification by current practices at treatment facilities. Those facilities that use filtration before the application of a disinfectant effect a 99% removal of 2.5-to 150-,um particles, with all particles greater than 10 ,um removed (16) . The HEp-2 cell-associated virus complexes ranged from 10 to 15 ,um, a size which would dictate their removal by filtration if it were used before ozonation. These data indicate the necessity of filtration in view of the enhanced survival of cell-associated viruses subjected to disinfection by ozone.
The role of aggregates or organic materials in the production of a two-stage inactivation phenomenon has been suggested as an explanation for the altered inactivation rate after initial exposure to ozone (9) . This investigation noted the presence of cellular aggregates, which were dispersed to individual cells and cellular fragments by ultrasonic treatment. Although aggregate dispersal caused an increase in the percentage of inactivation, the two-step phenomenon in the inactivation kinetics using HEp-2 cell-associated poliovirus at turbidity levels of 1 and 5 NTU clearly remains. At the contact times available in the Sharp continuous-flow apparatus, at 5 NTU, a decrease of 2.5 to 3 log units of cell-associated poliovirus occurred in the initial 10 s, but a portion of the population survived the 30-s exposure to an ozone concentration of 3.09 mg/liter. The replicate samples at 1 NTU also demonstrate the biphasic inactivation in both the control and the replicate subjected to ultrasonic treatment. Kim et al. (10) also noted the presence of a two-step rate of inactivation during ozone inactivation of the bacteriophage f2, although their electron microscopy studies did not reveal the presence of phage aggregates. Therefore, the presence of aggregates of organic material may not always be responsible for the altered inactivation rates commonly observed.
In conclusion, cell-associated enteric viruses were protected from inactivation by exposure to ozone. Complete inactivation of the cell-associated enteric virus at a turbidity level of 5 NTU was not achieved with contact times and ozone concentrations presently used in water treatment facilities. With decreased initial titers of cell-associated virus, as would be present after filtration, satisfactory inactivation might be obtained. In addition, the 5-NTU standard represents a heterogeneous sample rather than a homogeneous system consisting solely of cellassociated enteric viruses. Further research may elucidate the specific parameters required for the disinfection of a heterogeneous sample consisting of organic and inorganic particulate matter. However, one must conclude from these data that viral survival after exposure to 0. 
